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ABSTRACT 

In this investigation, the gamma photon shielding properties for the (Al:Si) and (Al+Na):Si dopped ISG 

glasses were investigated by using Photon Shielding and Dosimetry (Phy-X / PSD) software for the 

selected energy range. The obtained results showed that the highest MAC value belong to ISG-A00N 

glass. It was seen that the MAC values which were examined at all energies changed in harmony with 

WinXCom. Substituting an atomic fraction of (Al:Si) with (Al+Na):Si resulted in a reduction of the total 

atomic cross-section of the glass, which lowered the mass attenuation coefficient (MAC). In this study, 

computations were made for glasses with SiO2, Al2O3, B2O3, Na2O, CaO and ZrO2 content given with 

ISG-C, ISG-A00, ISG-A12, ISG-A22, ISG-A00N, ISG-A11N, ISG-A18N and ISG-A23N codes. MAC, 

LAC, HVL, TVL, Zeff, Neff, Ceff Zeq, EBF, EABF and FNRCS calculations were applied to assess the 

radiation protection parameters by using Phy-X/PSD software. In addition, MSP and PR values were 

calculated by using the SRIM code. In fact, each obtained parameter provides us very important 

information on radiation protection, and these methods are frequently used in the literature. ISG-A00N 

glasses were observed to have the highest attenuation coefficient. Thus, the MAC value gradually 

decreased as the Al, Na and Si contents increased. Likewise, the HVL, TVL and MFP values changed 

coherent with this. Moreover, Zeff and Neff values were seen in the ISG-A00N sample to take the 

maximum values to each other inversely. The most effective glass sample was seen as ISG-A00N glass 

at the mean free path penetration power of MSP and PR values. When all the results were evaluated, 

ISG-A00N glass which has the highest Si and Ca contents and density was found to be the glass with 

the best radiation shielding feature. It is also noteworthy that this glass does not contain any Al 

component. As the results of the investigation, it was found out that a very small doped of the Si 

increases the radiation shielding feature on the glass. It was seen that the ISG-A23N had the lowest ∑R 

value. The obtained results revealed that the ISG-A00N>ISG-A00>ISG-C>ISG-A12>ISG-A11N>ISG-

A22>ISG-A18N>ISG-A23N samples, in ascending order that attenuators for low energy radiations. 

Keywords: Phy-X/PSD, Radiation shielding parameter, (Al:Si) and (Al+Na):Si doped, Glasses.  
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1. Introduction 

Climate change has become a problem in many countries day by day and this fact confirms the necessity 

of using nuclear power plants, which are actually source of alternative energy. Although the Three Mile 

Island, Chernobyl and Fukushima Daiichi nuclear accidents cause concern over these plants, over the 

past 60 years, great advances have been provided in waste management using nuclear power plants. In 

order to dispose of these wastes, many studies have been conducted in most countries for a long-term 

and reliable solution [1,2].  

Nuclear waste management is quite difficult process since high radioactive isotopes are produced in the 

existing power plants. These radioactive isotopes have longevity and risk of toxicity. Most countries 

have been developing various strategies for waste management and control they keep on conducting 

studies to produce durable and strong materials. Besides natural radiation, it is vital to use highly 

protective materials in waste management in order to minimize the environmental risks of ionizing 

radiation produced by human hands. The most significant impacts of ionizing radiation can be seen in 

this high radiation wastes. Therefore, it is very crucial the correct management of this high radiation 

wastes. International simple glass (ISG) can be produced as an alternative to traditional methods. 

Therefore, ISGs should be developed for all systems by using advanced technology in waste 

management. International simple glass (ISG) has become the reference for borosilicate glasses over the 

past few years. In this investigation, the gamma-ray radiation shielding feature of structures that are 

referred to as ISG glasses in the literature produced by Lu were investigated. These glasses are preferred 

because of their good radioactive release rate, corrosion resistance and suitable pH [1,3]. The main 

purpose of this study is to examine the nuclear shielding properties for Al: Si and (Al + Na):Si in a 

nuclear waste model glass (ISG, international simple glass) [4]. 

According to the recent studies in literature, the materials which are relatively lightweight, accessible, 

non-toxic, cheap, having a high thermal resistance of shielding performance, improve the known 

disadvantages of concrete [5]. One of the prominent structures in these studies are glass or glassy 

materials, which have many advantages in terms of radiation shielding. These materials especially due 

to their superior features such as transparency, attenuating gamma photons, and ease of use in new 

generation technological fields, they attract a lot of attention among alternative and innovative glassing 

materials [1,6]. 

Since the Phy-X / PSD software was used in this study, the analysis of the effective parameter in the 

radiation protection of the materials was processed faster. The use of this software is more advantageous 

for the user in the terms of time. In this study, the protection efficiency at the energy ranges from 0.15 

to 15 MeV of SiO2, Al2O3, B2O3, Na2O, CaO, ZrO2 glasses were investigated by using the software 
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known as Phy-X / PSD that was produced by Şakar et al., [7,8]. Also, MSP and PR values were 

calculated in energy ranges from 0.1-20 MeV by using SRIM software [9–11]. 

2. Materials and Methods 

Sample codes, chemical properties, densities, and composition ratios of SiO2, Al2O3, B2O3, Na2O, CaO, 

ZrO2 glasses which were previously produced by Lu et al. are given in following [5]. The Phy-X / PSD 

software which was improved by Şakar et al. can be used as open-source code and online [7]. The 

chemical compositions of the glass materials were given prepared glasses according to this content 

(SiO2, Al2O3, B2O3, Na2O, CaO, ZrO2). Phy-X / PSD software was created with the NodeJS v8.4.0 

program, which serves between server and client-browser with Nginx 1.15.8 security, and was built on 

256-bit PositiveSSL. Determining X- rays and gamma rays passing through a material is very crucial to 

comprehend the gamma-rays radiation shielding features of the glasses. Many studies have been carried 

out using Si, Al, Na, Ca and Zr glasses in various ratios [2,4,12–14]. In this study, the codes in following 

are used for the selected glasses: 

ISG-C: 60.09SiO2+3.84Al2O3+15,96B2O3+12.65Na2O+5.73CaO+1.72ZrO2, ρ=2.52 g/cm3 

ISG-A00: 62.58SiO2+0Al2O3+15.37B2O3+12.18Na2O+5.52CaO+1.66ZrO2, ρ=2.50 g/cm3 

ISG-A12: 49.13SiO2+11.98Al2O3+17.21B2O3+13.64Na2O+6.18CaO+1.85ZrO2, ρ=2.47 g/cm3 

ISG-A22: 36.29SiO2+21.51Al2O3+18.68B2O3+14.80Na2O+6.71CaO+2.01ZrO2 ρ=2.49 g/cm3 

ISG-A00N:  67.78 SiO2+0 Al2O3+15.96 B2O3+8.81 Na2O +5.73CaO+1.72ZrO2 ρ=2.46 g/cm3 

ISG-A11N: 45.56 SiO2+11.11 Al2O3+15.96 B2O3+19.92 Na2O +5.73CaO+1.72ZrO2, ρ=2.53 g/cm3 

ISG-A18N: 31.01 SiO2+18.38 Al2O3+15.96 B2O3+27.19 Na2O +5.73CaO+1.72ZrO2, ρ=2.54 g/cm3 

ISG-A23N: 21.77 SiO2+23.00 Al2O3+15.96 B2O3+31.81 Na2O +5.73CaO+1.72ZrO2, ρ=2.52 g/cm3 

Mass attenuation coefficient (MAC), linear attenuation coefficient (LAC), mean free path (MFP), half-

value layer (HVL), tenth-value layer (TVL), effective atomic numbers (Zeff), effective electron density 

(Neff), effective conductivity (Ceff), equivalent atomice number (Zeq), exposure buildup factor (EBF) and 

fast neutron removal cross-section (FNRCS) values can be calculated in the energy range of 0.015 MeV 
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to 100 GeV by using the Phy-X / PSD software [7,8]. For more detailed information, it can be examined 

the open-source software using the following link: https://phy-x.net/PSD.  In the present study, it has 

been examined the role of Al-Si and (Al-Si):Na doped glasses in radiation protection. Basically, the 

Phy-X / PSD program has been used to calculate easily the radiation attenuation characteristic of various 

elements and compounds [15]. The following steps were applied to use this software; 

- By entering the component and density values of the glasses in the Phy-X / PSD program, the samples 

were introduced to the system, 

- The Energy values that have been selected, 

- Calculation methods were selected, 

the current research was conducted in the wide energy region of 0.15-15 MeV for the specified glasses 

by using Phy-X / PSD software [16–18].  

3. Results and Discussion 

In this study, the methods used to discuss the radiation shielding properties of the glassy systems were 

given in the following order. 

3.1. MAC and LAC  

The LAC refers to the attenuated fraction of photons passing through a certain thickness of the material 

[19]. In order to calculate the LAC value, it is necessary to look at the interactions between the material 

and ionizing radiation (Photoelectric effect-PE, Compton scattering-CS and Rayleigh scattering-RS). 

The Beer-Lambert Law equation has been used to calculate the LAC value as in the following: 

𝐼 = 𝐼0𝑒−𝜇𝑥 = 𝐼0𝑒−𝜇𝑚𝑡                                                                                                                           (1) 

where the 𝐼 has been attenuated, and also the 𝐼0 has been unattenuated photon densities respectively. 

The μ value represents the LAC value which is given by (cm-1) [20]. LAC values were computed for the 

0.015-15 MeV gamma energy range. The graph of the obtained LAC values is shown in Figure 1. As 

seen in the results, the changes of the LAC values are subject to the energy range and the properties of 
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the chemical composition of the glasses. In Figure 1, it can be seen explicitly that LAC had the highest 

value for ISG-A00N glass and the lowest value for ISG-A23N glass. In addition, as we examined the 

graph in detail, the calculated LAC value appears as a different LAC function curve for different energy 

regions. The reason that the change of the LAC function is due to the different interactions of the material 

with the gamma photon for the investigated energy regions. 

The MAC value indicates the capacity of ionizing photons passing through the material of a certain 

thickness. The MAC value of alloy, compound, or mixture systems can be calculated by using the 

following mathematical equation: 

𝜇𝑚 = (𝜇𝜌) = ∑ 𝑤𝑖(𝜇 𝜌⁄ )𝑖𝑖                                                                                                                       (2) 

where 𝜇𝑚 is the MAC value, ρ is the density value of the material, and wi i
th is the fractional weight of 

the element. The MAC value is one of the most basic calculation methods in radiation protection studies 

as it gives the measure of the direct interaction of ionizing radiation with the material [21]. In this point 

of view, the investigation of MAC value in radiation physics, medical radiation, radiotherapy, and 

nuclear studies has been used widely. The MAC value is acquired by dividing the LAC value by the 

density of the glasses. The MAC graph drawn for the glass samples is given in Figure 2. Obviously, the 

LAC and MAC function is the same as the tendencies of change. The MAC had the highest value for 

ISG-A00N glass and the lowest value for ISG-A23N glass. 

3.2. MFP, HVL and TVL  

The MFP expresses the average distance between the material and a photon that passes through the 

barrier before interacting and it is an important calculation method that is considered in radiation 

shielding studies [8,23]. It is determined according to the formula given below by considering the value 

of µ. (1/ )MFP                                                                                                                        (3) 

MFP value varies as a function of photon energy. As seen in the graph, the change in MFP value 

increases up to approximately 10 MeV energy. ISG-A00N glasses had the highest MFP value, and ISG-
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A23N glasses took the lowest MFP value. The calculated results show that the change of MFP value 

depends on the chemical properties of the compound. It can be seen clearly in Figure 3. that when the 

Si and Na additive ratio in the glass component is increased, the MFP value of the materials decreased. 

The HVL (cm) and TVL (cm) values, as in the MFP value, are also calculated to determine the thickness 

of the glasses to reduce the amount of radiation. These parameters can be used as an alternative method 

to confirm the best radiation shielding material. The HVL value gives the value of the distance at which 

the radiation is weakened by 50% as it passes through the material. Meanwhile, the TVL value gives the 

value of the distance at which radiation is weakened by 90% as it passes through the material [22,24]. 

For the computation of the HVL and TVL values the following equations can be used: 

(ln 2 / )HVL                (4) 

In addition, the TVL value can be given with the following equation. 

(ln10 / )TVL                                                (5) 

The graphs calculated for the HVL and TVL values are given in Figure 4. and 5., respectively. As seen 

clearly in the graph that the HVL and TVL values change depending on the gamma energy. The graph 

indicates that the HVL and TVL functions have different photon interactions in different energy regions. 

The curves of the HVL and TVL graph for all glasses varies coherently with each other in the 10-3 and 

10-5 MeV energy range as seen in Figure 4 and Figure 5. However, it can be seen that the change of HVL 

and TVL values in the low energy region remains nearly fixed depending on the photon energy. The 

HVL and TVL values are directly affected by the changes in the Si and Na doped ratios in the radiation 

protection glass, as seen in Figures 4 and 5. HVL and TVL values change to ISG-A12> ISG-A00N> 

ISG-A22> ISG-A23N> ISG-A00> ISG-A18N>ISG-A11N>ISG-C in ascending order. It was observed 

that ISG-A12 glasses took the highest HVL and TVL values, while ISG-C glasses took the lowest HVL 

and TVL value. Furthermore, the ISG-C glass which has the lowest value was observed that the 

reference/control glasses radiation protection feature. The obtained MFP, HVL, and TVL values were 

observed that they change in coherence with each other. From this aspect, it can be expressed that the 
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MAC calculations are related to the HVL, TVL, and MFP calculations for photon effects in the different 

energy values. 

3.3. Zeff, Neff and Ceff 

One of the important parameters calculated in nuclear studies and materials science is the effective 

atomic number (Zeff). Zeff is the value of the average atomic number for compounds or mixtures. The 

studies we have conducted to study the gamma radiation shielding features of glass samples are very 

important to calculate the Zeff value. When we have a material with a high Zeff value, the more photons 

in the target would collide with the atoms in the material, and therefore the interaction rate of photons 

with the material could be higher. Accordingly, the determination of the properties for shielding of 

compounds with high Zeff values by looking at the gamma photon interactions is very substantial in 

practical applications [25,26]. As seen in our example of compounds containing the elements Si, O, Al, 

B, Na, Ca, and Zr it is crucial to determine the Zeff value to indicate the attenuation of the material in 

other compounds as well. Therefore, the change of Zeff values depends on the properties of the element. 

As the ratio of the element in the compound which has the highest atomic number raises, the Zeff value 

rises as well. The Zeff value for photon interactions can be calculated by the steps as in the following. 

The σa computation can be applied to the formula, investigating the total atomic cross-section, as 

follows: 
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σe indicates the total electronic cross-section and the computation can be performed by the given 

equation as follows: 
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The Zeff value can be computed for glasses that have many components as follows: 
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where 


j

jii nnf

 states the fractional abundance, j
Z

 which means the number of atoms of main 

elements and NA is known as the Avogadro constant. As seen the change of the Zeff value is subject to 

the energy. The Zeff values computed for the glassy samples in this research are given in Figure 6. As 

seen in Figure 6, the materials with the highest Zeff values are also quite high in photon attenuation. In 

Figure 6., it can be seen that the Zeff value changes as a function of the photon energy. In this research, 

ISG-A00N was determined as the best shielding material since the Zeff has the highest value. Figure 6. 

indicates that the Zeff value has peaked in the 0.01 MeV to 0.1 MeV energy range. As shown in Figure 

6. that the Zeff value decreases sharply from 0.286 MeV to 0.826 MeV and then the rate of decrease 

slows down. This change in the Zeff function indicates that the interaction of photons with the absorbing 

medium is directly related to energy. While the results of the photoelectric effects are very important for 

this interaction at first, this effect decreases sharply after the energy value of E-3.5. In addition, after the 

energy value of 0.826 MeV in Figure 6., as seen that the Zeff function remains approximately constant 

despite the energy increase. 

The Neff value, as in the Zeff value, is used to define the effect of X- and gamma rays penetrating 

compounds containing many elements in their structure. The values of Zeff and Neff have been 

investigated in glasses and various materials conducting in many studies and the results have shown that 

these values have a similar tendency for change [27,28]. The following equality can be used when 

calculating Neff: 

 
)( gelectronsnZ

M

N
N
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                                                                                  (10) 



9 

 

 

where M symbolizes the mass of the particle and ni represents the whole number of atoms of the primary 

element. The graph of the Neff values calculated for the glasses in this study is given in Figure 7. As 

seen in Figure 7., since the photon interaction mechanisms are similar in the studied energy range, thus, 

the change of the Neff value is inverse with the Zeff value but compatible with it. In this study, the 

maximum Neff value was found for the ISG-A23N glass sample and the Neff values are given in 

descending order as ISG-C> ISG-A00> ISG-A12> ISG-A22> ISg-A00N> ISG-AA11N> ISG-A18N> 

ISG-A23N.  

Effective conductivity (Ceff; S / m) provides the calculation of the Neff ratio directly, and the value of 

Ceff can be calculated by using the formula given in the following [7]; 

𝑐𝑒𝑓𝑓 = (𝑁𝑒𝑓𝑓𝜌𝑒2𝜏𝑚𝑒 ) 103                                                                                                                          (11) 

where e (C) and me (kg) are quantities representing the charge of the electron and the mass of the electron. 

τ (s) gives the relaxation time of the electron on the Fermi surface and can be calculated by the formula 

in the following [29] ; 

𝜏 = ђ𝑘𝐵𝑇 = ℎ2𝜋𝑘𝐵𝑇                                                                                                                                  (12) 

where h (J.s) is Planck constant, kB (J/K) is Boltzman constant and T(K) is the temperature of the 

environment. As shown in Figure 8., the graph of Ceff values is given. The Ceff value is a radiation 

protection parameter that offers a great opportunity to determine the material with the best shielding 

feature as in the MAC, HVL, TVL, MFP, Zeff and Neff values. The highest Ceff value was found for the 

ISG-A23N glass sample. 

3.4. Zeq, EBF and EABF 

In addition to the calculation methods given above, the geometric progression (G-P) fitting parameters 

were also computed by means of the Phy-X / PSD software which was developed by Harima. G-P fitting 

parameters were received from the ANSI / ANS-6.4.3 standard reference database which was used for 
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the analysis of elements [30]. The build-up factor refers to the ratio of the amount of radiation scattered 

at a given location and the amount of radiation without interrupting at that location (i.e., as a function 

of a mean free path). Determination of exposure build-up factor (EBF) is a very important parameter 

that is used in radiation shielding studies. It is possible to examine the values either as EBF or energy 

absorption build-up factor (EABF). The calculation of EBF and EABF values is appropriate for gamma 

photon interactions. In this study, EBF and EABF values were calculated for 1, 2, 3, 4, 5, 6, 7, 8, 10 and 

15 mfp values between 0.015 MeV and 15 MeV. Therefore, G-P fitting parameters are calculated by 

using the interpolation method as in the obtaining of the equivalent atomic number (Zeq). Total build 

up values are obtained by the steps in the following order. As a first step, for Zeq interpolation, Compton 

partial mass attenuation coefficient (𝜇 𝜌⁄ )𝐶𝑜𝑚𝑝𝑡𝑜𝑛 and total mass attenuation coefficient (𝜇 𝜌⁄ )𝑇𝑜𝑡𝑎𝑙 is 

determined to calculate for the glass components in the study [31,32]. The following equation can be 

used to calculate Zeq;  

𝑍𝑒𝑞 = 𝑍1(𝑙𝑜𝑔𝑅2−𝑙𝑜𝑔𝑅)+𝑍2(𝑙𝑜𝑔𝑅−𝑙𝑜𝑔𝑅1)𝑙𝑜𝑔𝑅2−𝑙𝑜𝑔𝑅1                                                                                                       (13) 

where, in the equation given above R1 and R2 values denotes the (𝜇 𝜌⁄ )𝐶𝑜𝑚𝑝𝑡𝑜𝑛 (𝜇 𝜌⁄ )𝑇𝑜𝑡𝑎𝑙⁄ , proportions 

of these two adjacent elements which have Z1 and Z2 are the atomic numbers. R indicates the proportion 

of glasses studied in a particular energy [33]. 

After this, G-P fitting parameters are used to evaluate the Photon build-up factors (a, b, c, d, XK). The 

logarithmic interpolation operations are performed as it is with the Zeq. The values of these five 

variables change according to Zeq value and energy [34]. The specified fitting parameters can be 

calculated using the following equation. 

𝑃 = 𝑃1(𝑙𝑜𝑔𝑍2−𝑙𝑜𝑔𝑍𝑒𝑞)+𝑃2(𝑙𝑜𝑔𝑍𝑒𝑞−𝑙𝑜𝑔𝑍1)𝑙𝑜𝑔𝑍2−𝑙𝑜𝑔𝑍1                                                                                           (14) 

wherein the P-value for the material which is investigated (a, b, c, d, XK) is known as the G-P fitting 

parameters. On the other side, the P1 and P2 values show the G-P fitting parameters corresponding to 

atomic numbers Z1 and Z2, which are obtained from the ANSI database [30]. 

As a result, 
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𝐵(𝐸, 𝑋) = 1 + (𝑏 − 1𝐾 − 1)(𝐾𝑥 − 1)                                                           𝑓𝑜𝑟 𝐾 ≠ 1                                 (15) 

𝐵(𝐸, 𝑋) = 1 + (𝑏 − 1)𝑥                                                                          𝑓𝑜𝑟 𝐾 = 1                                 (16) 

where, E is the photon energy and X is the penetration depth. For the glasses which are given in this 

study, the X values were calculated between 0.5 and 40 MFPs [35,36].  

𝐾(𝐸, 𝑥) = (𝑐𝑥𝑎 + 𝑑) 𝑡𝑎𝑛ℎ ( 𝑥𝑋𝐾 − 2) − 𝑡𝑎𝑛ℎ(−2)1 − tanh (−2)                            𝑓𝑜𝑟  𝑥 ≤ 40 𝑚𝑓𝑝                   (17) 

The shape of the spectrum can be determined by looking at the multi-photon dose combination which is 

made with the K (E, X) function. Calculations were made by taking into account the photons colliding 

inside and outside and remaining without collision as a result of the interaction of gamma radiation with 

the material. Figure 10. and Figure 11. are the graphs of EBF, EABF. G-P fitting coefficients and Zeq 

values for the ISC-A23N glass sample are given in Figure 9. The graphs of the EBF and EABF values 

calculated for low-medium and high energy regions for the selected glass samples are given in Figure 

10. and Figure 11. Referring to the graphs, the maximum build-up factor can be seen at the ISG-A23N 

glass due to an increase in the Compton scattering (CS). Therefore, as seen that the CS and EBF and 

EABF values change proportionally. The build-up factors grew with increasing depth of penetration as 

the increase in glass thickness indicates more secondary photons. ISG-A23N glass has been found the 

highest value of the EBF-EABF calculations for the given glasses and it has been observed that this 

value varies inversely with the Zeq value. In the same way, ISG-A00N glass has been found the lowest 

value of the EBF-EABF calculations for the given glasses and it has been observed that this value varies 

inversely with the Zeq value. In Figure 10. and Figure 11., EBF and EABF values change similarly in 

terms of the mathematical functions to each other. As clearly seen that the EBF and EABF values of the 

best shielding material in ISG-A23N are at 0.1 MeV energy. 

3.5. FNRCS (ΣR) 

In addition to all these, also Fast Neutron-Removal Cross-Section (FNRCS) calculations were made to 

measure the interactions of neutrons. Neutrons are uncharged particles, and indeed, when investigating 
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the radiation shielding effect of the material, it is also needed to consider the effects of neutrons. The 

FNRCS indicates a measure of the rate of initial penetration of un-collided neutrons [7,37].  FNRCS is 

a method to understand the effect of radiation on the material which is examined for shielding feature 

while some nucleus interactions and scattering. The FNRCS value can be calculated for different 

thicknesses using Beer-Lambert law for elements, compounds and mixtures. The basic processes of 

FNRCS consist of such as elastic and inelastic scattering, nuclear fission, and neutron capture. The fast 

neutron effective removal cross-section value is computed for ΣR (cm-1) or ΣR / ρ (cm2g-1) for each 

element / composition; 

∑ /𝜌𝑅 =∑ 𝑊𝑖 (𝑖  𝛴𝑅/𝜌)𝑖                                                                                                                                               (18) 

and 

∑ =𝑅 ∑ 𝜌𝑖(𝑖  𝛴𝑅/𝜌)𝑖                                                                                                                        (19) 

where wi represents the weight percentages of glass compounds. ρi is the density of the glass compound, 

and (∑R/ρ)i i is the neutron reduction cross-section of the compound. In the following, the formula states 

the obtaining of the ΣR (cm-1) value. 

∑ 𝑅 =  ∑ 𝑊𝑖 (∑ 𝑅/𝜌)𝑖                                                (20) 

where the weight percentage is symbolized by wi (g/cm3) and the mass removal cross-section of the ith 

element is indicated by ΣR/ρ (cm2/g). 

The ΣR values for the glass materials used in this study were calculated by using the Phy-X-PSD code. 

The graphic of the calculated values can be seen in Figure 12. As seen clearly in the graph that the ISG-

C has the highest ΣR value and ISG-A23N has the lowest ΣR value. This situation can be explained as 

follows:  

the density of the glass material can affect the result while calculating the ΣR values of the glasses that 

can be seen clearly in Figure 12. Furthermore, there was an increase in ΣR values depending on the 

increase in the density of glass material (Table 1). 
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3.6. MSP (H1 and He+2), PR (H1 and He+2) 

Finally, it has been aimed to investigate the pass-through of the charged particles by using Monte Carlo 

based SRIM code in this study. SRIM calculations are a very powerful analysis method that is used to 

measure the amount of radiation damage on the material. Actually, this method aims to calculate the 

damage to the material due to radiation. In the calculation of MSP (MeVcm2 / g), it can be seen that the 

amount of radiation impacting the material is affected by the energy change [38]. Therefore, SRIM is 

preferred since it is software that measures the amount of radiation effect related to energy. The results 

obtained from SRIM are used to measure the effect of ions on the material, in other words, to determine 

the damage caused by the radiation to the material. In the SRIM code, the particle distribution is obtained 

by normalization since the particles' positions stay stable. The MAC value changes in direct proportion 

to Z, and this causes an increase in the MSP value [11,39]. The following equation can be used for the 

MSP values calculated using the Bethe-Bloch formula; 
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                                                                                                       (21) 

in the given MSP formula, the following notations have been used as: for the mass (m), the density of 

the glass (ρ), the charge (e), the velocity (β) of the ion, and the atomic number (Z) [38]. As a result of 

the interaction of charged particles with atomic electrons in the material, electronic stopping power 

occurs and the interaction of charged particles with the nucleus of the atom, nuclear stopping power 

occurs. The results which are obtained from MSP can be used to explain the durability of the material 

in terms of radiation protection [9,28].  

The projected range (PR), g (cm-2) is a parameter used to determine the number of particles that penetrate 

increasing thicknesses of the material. The PR of the charged particle can be defined as the distance 

which it took before resting. However, it does not mean the stopping power of the energy divided is 

equal to the PR. The same calculations can be applied for all materials with similar atomic components 

in the calculation of the PR values as in the calculation of MSP values. The material with the lowest PR 



14 

 

 

value indicates that this material has the best protective feature. PR value is calculated as in the following 

equation [10,22,40]; 

      pR
Z

MR 2
                                                                                                                                 (22) 

In this investigation, MSP and PR values were computed for the energy range between 0.15MeV and 

20 MeV using ISG-C, ISG-A00, ISG-A12, ISG-A22, ISG-A00N, ISG-AA11N, ISG-A18N and ISG-

A23N glasses. As seen in the graphics; H1 and He+2 particles are affected by the change of kinetic energy. 

It can be seen that the PR value which was calculated for ISG-A23N glass was greater than the PR value 

for ISG-A00. Therefore, for that particular photon energy, this result is coherent with the smaller MSP 

values of ISG-A23N. Similar cases are valid for the MSP curves of alpha particles for the same glasses. 

Since the proton (H1) is lighter than the alpha (He+2) particle, the energy loss due to the collision occurs 

more fast in the orbit. For that reason, in lower energy regions, the MSP (H1) value reached a higher 

value than MSP (He+2). The values for MSP (H1) are given in descending order: ISG-C, ISG-A00, ISG-

A12, ISG-A22, ISG-A00N, ISG-AA11N, ISG-A18N and ISG-A23N respectively. The lowest MSP (H1) 

value was obtained in ISG-A23N glass and the highest value was obtained at 0.1 and 0.8 MeV energy 

values in ISG-A00N glass. Thus, the MSP curve, which takes its maximum value had a sharp decrease 

due to the increase in energy. Likewise, this situation was observed also for the same glasses and for 

MSP (He+2) in these energies 0.5 and 0.9 MeV in Figure 13. and 14.  The highest MSP values (H1 and 

He+2) were observed in ISG-A00N glasses which have a high Si ratio. 

Since the particles do not follow a linear path during the interaction with the material, it cannot be 

determined the distance they take precisely. Therefore, PR values can be calculated to determine at 

which distance the particles are standing still. In this study, the PR (H1 and He+2) values were calculated 

for the given glasses and the results as seen in Figure 15. and 16., respectively. As seen in the PR graph 

the values actually change as a function of kinetic energy. PR (H1 and He+2) values calculated for glasses 

increased depending on the increase in kinetic energy. As it has been found that among all glasses, ISG-

A00N takes the longest path for PR (H1 and He+2). In Figure 15. and 16., ISG-A00N glasses were also 
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found the lowest value. It can be concluded that the glass with the best radiation protection performance 

is ISG-A00N glasses in accordance with the results of all SRIM calculations.   

4. Conclusion  

In this investigation, it has been aimed to contribute to the radiation protection studies of ISG-C, ISG-

A00, ISG-A12, ISG-A22, ISG-A00N, ISG-AA11N, ISG-A18N, and ISG-A23N glasses by using online 

Phy-X / PSD software. This program provides users with great ease of use which examines the 

interactions of gamma rays, charged particles, and neutrons. The μ/ρ, HVL, TVL, MFP, Zeff, Neff and 

Ceff values were calculated for the 1 keV-100 GeV energy range by using this user-friendly software. 

1,748,480 numbers of calculations were computed by the Phy-X / PSD program with an excellent 

performance capacity in 894.07 sec. Additionally, measurements were also made in the characteristic 

X-ray energy ranges of some well-known radioactive sources (60Co and 137Cs). Moreover, EBF-EABF 

and FNRCS values were calculated as well by using this software for selected glasses. Since the software 

offers users the opportunity to perform parallel processing ability, it is advantageous for them in terms 

of saving time. In addition to all these, MSP (H1 and He+2) and PR (H1 and He+2) values were calculated 

using SRIM codes in the energy range of 0.1-20 MeV for the given glasses. The results of this study 

revealed that: 

i. MAC value was affected by the increase and decrease of the ratio Si, Al, B, Na, Ca, and Zr 

elements' in the glass content. It was observed that the MAC values for 8 different glasses 

obtained using different ratios decreased down to 0.5-0.7 MeV energy range.  

ii. Comparing the HVL, TVL and MFP values of all glass samples, it has been seen that ISG-A00N 

glasses take the lowest value. It has been found that these values change from 2.8 to 4.01 cm, 

from 9.6 to 13.39 cm, and from 2.74 to 3.74 cm in the 0.5-6 MeV energy range, respectively. 

iii. The Zeff value increased due to the increase of Z for ISG-A00N glasses (since the Z atomic 

number is the largest for this glass). Also, the Neff values changed inversely depending on the 

Zeff values.  
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iv. EBF and EABF values have been calculated for different MFPs and it has been observed that 

the ISG-A23N glass have the highest value and the ISG-A00N glass have the lowest value. 

v. From the point of view of the neutrons, it has been found ISG-A012 glasses had the highest 

value while ISG-A12N glass had the lowest value in FNRCS results. 

vi. Considering the calculations of MSP and PR (H1 and He+2) in the SRIM code, it was observed 

that the ISG-A23N glasses had the lowest MSP values while ISG-A00N glasses had the highest 

MSP values. Moreover, it was seen that the ISG-A23N glasses had the lowest PR of value and 

the ISG-A00N glasses had the highest PR value.  

It has been seen that the ISG-A00N was confirmed as the most effective shielding glasses for the μ/ρ, 

HVL, TVL, MFP, Zeff, Neff and Ceff, EBF, EABF, FNRCS, MSP (H1 and He+2) and PR (H1 and He+2) 

values which have been calculated for the selected energy zone. In the light of all these results, it was 

determined that the best radiation shielding performance belongs to ISG-A00N glasses which was 

affected by the increase in Al: (Na + Si) contribution. A result that is clearly visible the glasses with the 

larger density has a larger shielding capability. 
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Figures

Figure 1

The linear attenuation coe�cient for the investigated SiO2-Al2O3-B2O3-Na2O-CaO-ZrO2 glass systems



Figure 2

The mass attenuation coe�cient for the investigated SiO2-Al2O3-B2O3-Na2O-CaO-ZrO2 glass systems



Figure 3

The mean free path for the investigated SiO2-Al2O3-B2O3-Na2O-CaO-ZrO2 glass systems as a function
of the density



Figure 4

The half value layer for the investigated SiO2-Al2O3-B2O3-Na2O-CaO-ZrO2 glass systems



Figure 5

The tenth value layer for the investigated SiO2-Al2O3-B2O3-Na2O-CaO-ZrO2 glass systems



Figure 6

The Zeff for the investigated SiO2-Al2O3-B2O3-Na2O-CaO-ZrO2 glass systems



Figure 7

The Neff for the investigated SiO2-Al2O3-B2O3-Na2O-CaO-ZrO2 glass systems



Figure 8

The Ceff for the investigated SiO2-Al2O3-B2O3-Na2O-CaO-ZrO2 glass systems



Figure 9

The Zeq for the investigated SiO2-Al2O3-B2O3-Na2O-CaO-ZrO2 glass systems



Figure 10

Exposure build-up factor (EBF) against photon energy of samples at 1, 2, 3, 4, 5, 6, 7, 8, 10 and 15 mfp for
the investigated SiO2-Al2O3-B2O3-Na2O-CaO-ZrO2 glass systems.

Figure 11



Energy absorption build-up factor (EBF) against photon energy of samples at 1, 2, 3, 4, 5, 6, 7, 8, 10 and
15 mfp for the investigated SiO2-Al2O3-B2O3-Na2O-CaO-ZrO2 glass systems

Figure 12

The removal cross section for fast neutrons for the investigated SiO2-Al2O3-B2O3-Na2O-CaO-ZrO2 glass
systems



Figure 13

The mass stopping power (proton) for the investigated SiO2-Al2O3-B2O3-Na2O-CaO-ZrO2 glass systems



Figure 14

The mass stopping power (proton) for the investigated SiO2-Al2O3-B2O3-Na2O-CaO-ZrO2 glass systems



Figure 15

The projected range (alpha) for the investigated SiO2-Al2O3-B2O3-Na2O-CaO-ZrO2 glass systems



Figure 16

The projected range (proton) for the investigated SiO2-Al2O3-B2O3-Na2O-CaO-ZrO2 glass systems


